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Summary 

Aerothermal tests were conducted in the NASA 
Langley 8-Foot High-Temperature Tunnel (8' HTT) 
at a Mach number of 6.5 on simulated arrays of 
thermally bowed metallic thermal protection system 
(TPS) tiles at an angle of attack of 5'. Detailed 
surface pressures and heating rates were obtained 
for arrays aligned with the flow and skewed 45' 
diagonally to the flow with nominal bowed heights 
of 0.1, 0.2, and 0.4 in. submerged in both laminar 
and turbulent boundary layers. Aerothermal tests 
were made at a nominal total temperature of 3300°R, 
a total pressure of 400 psia, a total enthalpy of 
950 Btu/lbm, a dynamic pressure of 2.7 psi, and a 
unit Reynolds number of 0.4 x lo6 per foot. The 
experimental results form a data base that can be 
used to help predict aerothermal load increases from 
bowed arrays of TPS tiles. 

Surface heating for the aligned array with a 
laminar boundary layer was characteristic of two- 
dimensional flow and the peak heating occurred just 
forward of the dome center. However, heating for the 
skewed array with a laminar boundary layer showed 
three-dimensional effects of vortical flow impinge- 
ment with attendant high heating. Heating for the 
aligned and skewed arrays with a turbulent boundary 
layer was characteristic of two-dimensional flow with 
higher heating on the windward surface. In general, 
heating for the downstream tiles was less than for the 
upstream tiles. At the 0.1 in. height, representative 
of a bowed metallic TPS tile, the integrated heat load 
over the dome increased less than 15 percent and the 
pressure drag was at least an order of magnitude less 
than the calculated flat-plate skin friction. 

Introduction 
An important design consideration for many hy- 

personic flight vehicles is the thermal protection sys- 
tem (TPS) for the load-carrying structure. Vari- 
ous candidates of both ceramic and metallic designs 
have been fabricated and tested. (For example, see 
refs. 1-4.) 

All the various TPS concepts have inherent sur- 
face irregularities that must be studied both analyti- 
cally and experimentally to determine whether these 
surface isregularities cause significant increases in ei- 
ther pressure or heat load or both. (Higher ther- 
mal loads may require higher temperature materi- 
als, which may result in increased mass of the flight 
vehicle.) One concern about the ceramic TPS con- 
cepts associated with surface irregularity has been 
surface gaps between tiles, which allow for thermal 
and mechanical deflections. (See refs. 1 and 2.) Many 

of these gaps have been filled with various flexible 
fillers that are costly in labor and weight. The ear- 
lier metallic concepts, presented in references 2 and 
3, were characterized by a corrugated aerodynamic 
surface. The average and peak heating penalties due 
to the corrugated surface are small for crossflow an- 
gles of 10' or less but are significantly higher for the 
larger crossflow angles (ref. 5). A more recent metal- 
lic design, as described in references 6 and 7, features 
a metallic tile, with a low thermal conductance, me- 
chanically attached at each corner to the primary 
structure. A typical 20-tile metallic TPS design is 
shown in figure 1 glowing during an aerothermal test 
in the NASA Langley 8-Foot High-Temperature Tun- 
nel. This metallic design, although relatively smooth 
a t  ambient conditions, has surface irregularities due 
to thermal bowing of the individual tiles, which is 
allowed in order to relieve thermally induced stresses 
at operating temperatures. The design features an 
overlapping edge on two sides of each tile to elimi- 
nate open gaps such as occur between the ceramic 
Shuttle tiles. An array of bowed tiles over the sur- 
face of a vehicle would alter the surface to a quilted 
or wavy pattern and modify the aerothermal pressure 
and heat loads on the surface. 

The flow over wavy surfaces associated with the 
earlier metallic concepts was studied analytically in 
references 8 and 9; however, the most successful 
methods were empirical. (See refs. 5 and 10.) Ex- 
trapolation of flow behavior from localized regions 
to large surface areas is the most difficult part of 
the complete vehicle analysis. The solution to the 
full Navier-Stokes equations for laminar Mach 7 flow 
over the quilted surface pattern of bowed TPS tiles 
(refs. 11 and 12) is a major contribution in defining 
the interactions between the flow field and the sur- 
face irregularities associated with bowed TPS tiles. 
The Navier-Stokes analysis of reference 11 was ap- 
plied to a single row of spherical dome protuberances 
oriented with the row transverse to the flow. This 
analysis provides very graphic details of the flow field 
and local heating on domes and shows the effect of 
height variations from one-half to twice the laminar- 
boundary-layer thickness. The laminar analysis in 
reference 12, which was an extension from the sin- 
gle row of domes to a series of domes in a quilted 
pattern, revealed that vortices shed by the leading 
dome of the skewed quilted pattern impinged on the 
sides of the downstream domes and significantly in- 
creased the heating. This analysis also indicated that 
the heat load to the downstream domes was substan- 
tially less than that to the leading dome. However, 



the analysis needs a turbulence model to study the 
fully turbulent case and to include transitional flow 
due to the flow disturbance produced by the domes 
in realistic flow simulation. 

Presented in reference 13 are the results of an 
experimental aerothermal study of a single row of 
spherical dome protuberances transversely oriented 
to a Mach 6.5 flow with laminar and turbulent 
boundary layers. A baseline dome was chosen to 
have a diameter of 14 in. with a dome height of 
0.1 in. based on preliminary calculations that showed 
a 9.9- x 9.9-in. tile (diagonal length of 14 in.) would 
bow 0.1 in. at the design temperature differential. 
The dome diameter D and the dome height H were 
varied from D / H  = 0.007 to D / H  = 0.028 to para- 
metrically establish pressure and heating-rate distri- 
butions on the domes. 

The present study was designed t,o provide ex- 
perimental data for comparison with the laminar 
analysis of reference 12 and to provide experimen- 
tal data for the turbulent-boundary-layer flow condi- 
tion. For this study, a quilted pattern of 9.9- x 9.9-in. 
domes was tested aligned with the flow and skewed 
45" diagonally to the flow. A baseline condition of 
0.1-in-high domes simulated the quilted metallic tile 
bowed height. Also, dome heights of 2 and 4 times 
the baseline condition were tested to establish the 
pressure and heating-rate distribution trends. Aero- 
thermal tests were made in the Langley 8-Foot High- 
Temperature Tunnel at a Mach number of 6.5, a total 
temperature of 3300°R, a total pressure of 400 psia, 
a total enthalpy of 950 Btu/lbm, a unit Reynolds 
number of 0.4 x lo6 per foot, a dynamic pressure 
of 2.7 psi, and an angle of attack of 5". Detailed 
surface pressure and heating-rate distributions were 
obtained for domes submerged in both laminar and 
turbulent boundary layers. The results of this study 
are presented herein and serve as a data base to com- 
plement and verify predictions of the increased aero- 
thermal loads due to the thermally induced bowing 
of metallic TPS tiles in a quilted pattern. 

Symbols 

Ax, dome area projected in the x-y 
plane, in2 

dome area projected in the y-z 
plane (normal to the local flow), 
in2 

A,, 

pressure drag coefficient, & c D , P  T(pu2)eAzy 

constant-pressure specific heat, 
Btu/lbm-"R 

CP 

2 

flat-plate skin-friction coefficient, 

+ ( p u 2 ) e  

dome diameter, in. 

7 

pressure drag force, N pnAyzn, 
lbf 

dome height, in. 

Mach number 

local Prandtl number based on 
Eckert's reference temperature 

local Stanton number based on 
Eckert's reference temperature 

pressure load, pnAzyn, lbf 
pressure, psia 

N 

heat load, N &Axyn,  Btu/sec 

heating rate, Btu/ft2-sec 

dome radius, in. 
free-stream unit Reynolds number 
per foot 

local Reynolds number based on 
characteristic length S from the 
leading edge 

polar coordinates (see fig. 5) 

distance from panel holder leading 
edge, in. (see fig. 3) 

temperature, OR 

time, sec 
velocity in streamwise direction, 
ft/sec 

free-stream velocity, ft/sec 

Cartesian coordinates (see fig. 5) 

pressure orifice height 

angle of attack 

ratio of specific heats 

incremental change of 

velocity boundary-layer thickness, 
in. 

density, lbm/ft3 

skin thickness, in.; also wall shear 
stress, psi 

referring to location or measure- 
ment number 



Subscripts: 

I aw adiabatic wall 
e boundary-layer edge 

fP flat plate 

iP instrumented plug 

I t test chamber total conditions 

W wall 

00 test chamber free-stream conditions 

Superscript: 

based on Eckert’s reference 
temperature 

* 

Abbreviations: 

B.L. boundary layer 

C ceramic dome 

id inside diameter 

L.E. leading edge 

od outside diameter 

P pressure dome 

T heat flux dome 

TPS thermal protection system 

2-D two-dimensional 

3-D three-dimensional 

Apparatus and Test 

Model 

The quilted dome model shown in figure 2 in- 
stalled in the Langley 8-Foot High-Temperature Tun- 
nel consists of 9.9- x 9.9-in. simulated TPS tiles 
bowed spherically outward mounted on the flat-plate 
panel holder. The aerodynamic fences are used to 
maintain two-dimensional flow over the test surface 
by preventing vortical flow spillage at the test angle 
of attack of 5’. A laminar boundary layer was estab- 
lished over the test surface by using a 0.38-in-radius 
blunt leading edge, and a turbulent boundary layer 
was established by using 0.19-in-diameter spherical 
flow trips evenly spaced four diameters apart along 
the top surface of a sharp leading edge. The two solid 
copper leading edges are shown schematically in fig- 
ure 3. (See ref. 14 for more details on both leading 
edge configurations.) The entire windward surface is 
covered with 1.0-in-thick ceramic panels to insulate 
the panel holder structure from aerothermal heating. 

To avoid interference due to thermal bowing, 
metallic TPS tiles must be installed in straight pat- 
terns rather than the staggered pattern used for the 
Shuttle ceramic tiles. When a metallic TPS tile array 
with a straight pattern is applied to an actual vehicle, 
the local flow angle relative to the tile pattern varies 
from 0’ to 45’, which causes a design dilemma; i.e., 
no optimum flow direction can be achieved for the en- 
tire tile array. Because local flow angle can vary over 
the surface of a vehicle, the two extreme flow direc- 
tions of 0’ and 45’ were included in the model inserts, 
as shown in figure 3. Configuration A is the aligned 
case, and configurations B and C are variations of 
the 45’ skewed case. Each configuration is faired 
with the upstream flat surface by using one or more 
bowed leading domes. The aligned array, configu- 
ration A, is faired to the upstream surface by three 
bowed leading domes abreast, with the middle dome 
centered on the symmetry line. Configuration C is 
faired to the upstream surface with a single leading 
dome; however, most of the skewed array test runs 
were made with configuration B, which is faired with 
two leading domes to match the analytical model of 
reference 12. 

The individual domes were interchangeable to 
form the various configurations. The domes were 
set into the panel inserts with peripheral gaps no 
greater than 0.05 in. Most of the test runs were 
made with open longitudinal gaps to facilitate model 
changes, but additional runs for configuration A with 
laminar flow were made with the longitudinal gaps 
closed with ceramic filler because open longitudinal 
gaps caused boundary-layer transition. The loca- 
tion of each array is shown relative to the panel in- 
sert and the panel holder leading edge in figure 3. 
The designations “P” and “T” (fig. 3) correspond to 
the normal positions for the pressure-instrumented 
dome and the thermocouple-instrumented heat flux 
dome, respectively. All other domes in the array 
were ceramic. Table I gives the locations of the in- 
strumented domes for each run, and the designation 
“C” is used for the ceramic domes when instrumented 
domes were not used. 

The baseline dome has a nominal height (distance 
above the flat-plate surface) of 0.1 in., corresponding 
to the expected maximum bowed height of a typical 
TPS concept. The tiles were 9.9 x 9.9 in., which re- 
sults in a diagonal length of 14 in. that matches the 
baseline dome surface curvature of the earlier tests of 
reference 13. For the parametric study, the spherical 
dome radius was varied to produce nominal heights of 
0.1, 0.2, and 0.4 in. to exaggerate surface data trends 
associated with the larger protuberance heights. The 
actual dome heights for each run are presented in ta- 
ble I for the four positions indicated in figure 4 along 
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the centerline. The heights were greater than nom- 
inal because some domes did not meet fabrication 
tolerances so other domes were shimmed to maintain 
constant dome height. Variance from the nominal 
height can be identified in the table. 

Each dome consisted of a 0.50-in. base that was 
recessed below the test surface and an upper spher- 
ical dome portion that protruded above the surface, 
as shown in figure 5. The domes were fastened to 
the panel insert with a single stud at their center. 
The pressure domes were machined from solid stain- 
less steel, and the upper spherical portion was ma- 
chined to match the nominal dimensions. However, 
the heat flux domes were fabricated with less preci- 
sion in that the thin-wall material was formed from 
a 0.031-in-thick AIS1 316 stainless steel sheet and 
then attached to the machined base with countersunk 
screws around the perimeter. The ceramic domes 
were cast with Resco Cast RS-17E material for each 
height. The ceramic domes were used to complete 
the quilted array about the instrumented domes and 
used to determine the temperature pattern on the 
surface of an insulating material for comparison with 
heating patterns obtained from the thin-wall metallic 
domes. 

Instrumentation 
The pressure and heat flux domes were instru- 

mented with 59 sensors distributed as given by 
table 11, using polar coordinates r and 8. The in- 
strumented dome coordinate system is shown in 
figure 5(a), and selected instrument location num- 
bers are shown in figure 5(b) for the aligned and 
skewed orientations. The pressure domes were in- 
strumented using 0.060-in-id stainless steel tubes 
mounted through holes drilled in the domes, silver 
soldered in place, and filed smooth to the outer sur- 
face. The tubes were attached to individual electro- 
mechanical pressure transducers located inside the 
panel holder directly below the panel inserts. The 
heat flux domes were instrumented with Chromel- 
Alumel thermocouples with individual wires spot- 
welded 0.040 in. apart to the underside of the thin- 
wall cover sheet. By using a one-dimensional tran- 
sient heat balance, the local surface heat flux was 
determined from the slope of the temperature time 
histories of the thermocouples. 

The surface temperatures on the ceramic model 
were measured and recorded by an AGA Thermo- 
vision System 680 (AGA-680) infrared scanner 
mounted directly over the panel. Other instrumenta- 
tion on the panel holder consisted of an instrumented 
plug and a boundary-layer probe shown schemati- 
cally in figure 6. The instrumented plug had a Gar- 
don heat flux gage and a pressure orifice to mea- 

sure surface heat flux and static pressure forward of 
the dome model ( S  = 28.2 in.) and was used only 
to monitor real-time surface conditions on the panel 
holder during the tunnel tests. The boundary-layer 
probe had twelve 0.06-in-od pitot pressure tubes and 
was used in two runs to define the boundary layer 
forward of the dome model ( S  = 26.2 in.) for both 
laminar and turbulent conditions. Pressure orifice 
heights and calculated Mach number are presented 
in table I11 for runs 1 and 22. 

Test Facility 
The Langley 8-Foot High-Temperature Tunnel 

(8' HTT) is a large blowdown tunnel that simulates 
aerodynamic heating and pressure loading for a nom- 
inal Mach number of 7 at altitudes between 80000 
and 120000 ft. (See fig. 7.) The high energy needed 
for simulation is obtained by burning a mixture of 
methane and air under pressure in the combustor 
and expanding the products of combustion through a 
conical-contoured nozzle into the open-jet test cham- 
ber. The flow enters a supersonic diffuser where it 
is pumped by an air ejector through a mixing tube 
and exhausted to the atmosphere through a subsonic 
diffuser. The tunnel operates at total temperatures 
from 2400'R to 3600'R, free-stream dynamic pres- 
sures from 250 to 1800 psf, free-stream unit Reynolds 
numbers from 0.3 x lo6 to 2.2 x lo6 per foot, and has 
a maximum test time of 120 sec. 

The model is stored in the pod below the test 
stream to protect it from adverse tunnel start-up 
loads. Once the desired flow conditions are estab- 
lished, the model is inserted into the test stream on 
a hydraulically actuated elevator. Insertion time was 
typically 1.5 sec. The model pitch system provides an 
angle-of-attack range of f20'. More detailed infor- 
mation about the tunnel can be found in references 14 
and 15. 

Test Procedure 
The free-stream flow conditions and flat-plate 

reference values for the tunnel tests are presented 
in table IV. Nominal run conditions for this test 
were total temperature of 3300'R, total pressure of 
400 psia, and total enthalpy of 950 Btu/lbm. The 
free-stream test conditions presented are based on a 
data base of previous tunnel surveys, and the ther- 
mal, transport, and flow properties for the combus- 
tion products of methane and air are presented in 
reference 16. The present test was conducted using 
two surface flow conditions: 

1. Laminar boundary layer with a blunt leading edge 
without flow trips 
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2. Turbulent boundary layer with a sharp leading 
edge with flow trips 

A correlation between flat-plate reference condi- 
tions at  the instrumented dome locations and the 
free-stream total pressure and total temperature was 
established in reference 13. This relationship was 
used to determine reference flat-plate pressures and 
heating rates for the current test. The boundary- 
layer probe determined the boundary-layer profile 
upstream of the quilted dome model. 

For many test runs, the model was left in the 
stream 5 sec to ensure pressure transducer output 
reached steady state and to  obtain temperature time 
histories from the thermocouple-instrumented heat 
flux dome. However, during 14 runs the model 
was left in the test stream for 40 sec to allow the 
model surface to approach the radiation equilibrium 
temperature. All test runs were made at an angle' 
of attack of 5' (see fig. 3) to optimize local flow 
conditions over the flat-plate panel holder. 

Data Acquisition and Reduction 

Model pressure and temperature and tunnel dig- 
ital data were recorded on magnetic tape with the 
on-site 8' HTT digital computer at a rate of 20 sam- 
ples per second. The magnetic tapes were then sent 
to the Langley Central Digital Data Recording Sub- 
system for processing the information to useful en- 
gineering units. Model pressure values were selected 
from the data after steady pressures were established. 
Unpublished data from a previous test have shown 
that the pressure gages and the data recording sys- 
tem operate with an error less than 0.25 percent, of 
full scale. The actual absolute error when the gage 
is operating at  the bottom of its scale can be in- 
tolerable unless the output is adjusted for the lower 
range pressures (about 0.1 psi). This is conveniently 
done in the present tests by adjusting the output, of 
all model gages to match the pressure of a reference 
precision gage in the test chamber outside the flow 
prior to model injection, when all pressure orifices are 
subjected to the same low pressure. As a result, the 
error is minimized to the effects of gage nonlinearity 
over a small range, and the maximum expected error 
is less than about 0.5 percent. The same approach 
was used with the boundary-layer probe to adjust 
both static and pitot pressure measurements. Their 
respective error produced a possible error in Mach 
number of less than 1.5 percent. 

The surface heating rates were calculated from 
the measured thin-wall temperature time histories 
by using the one-dimensional transient heat balance 
equation 

The temperature-time data were reduced at each 
time step by using the central difference method 
to obtain the slope, thus producing a continuous 
heating-rate history during the entire model expo- 
sure. The recorded value of this heating rate was 
selected immediately after the flow transients asso- 
ciated with the model insertion and before radiation 
and conduction errors occurred. The model was de- 
signed to minimize the inherent uncertainties asso- 
ciated with the thin-wall technique. The dome wall 
was fabricated from a 0.031-in-thick sheet of AIS1 316 
stainless steel with the thermocouples spot-welded to 
the underside of the wall. The uncertainty in the 
thickness of sheet metal is about f 2  percent. There 
were no underside convection losses because the space 
beneath the dome surface was open and evacuated 
to a pressure of about 0.1 psia during test exposure. 
For the present test, the measured underside temper- 
ature rise was less than 80°R during test runs; there- 
fore, radiation losses were negligible for this condition 
where the adiabatic wall temperature was at least 
3000'R. The design of the dome also minimized pos- 
sible conduction losses by reducing the contact area 
of the thin skin to the base plate at the periphery, 
and the spatial temperature gradients of the dome in- 
terior were not sufficient to cause significant lateral 
heat conduction. The major error not accounted for 
in the heating-rate data reduction is probably due to 
the variation of C, with temperature. A fixed value 
of C, was used in the present data reduction because 
the actual variation of C, with temperature is inher- 
ently difficult to obtain. Using the fixed value caused 
an underestimated heating rate which gives an er- 
ror of between 3 and 10 percent. Overall, the effect 
of heating-rate errors was minimized by normalizing 
the data so that both the numerator and the denom- 
inator included the same errors which were thereby 
canceled. 

Infrared scanner analog data from the AGA-680 
were recorded on-site using a 14-track frequency- 
modulated (FM) tape recorder at a rate of 16 data 
frames per second. The FM data tapes were digitized 
and reduced to temperature contour plots. Each 
data frame consisted of 70 horizontal scan lines with 
120 points per scan line. For the present test, the 
scanner mapped an area 42 x 42 in. square. Since a 
scan line is discretized into 120 points, a discrete tem- 
perature was determined for an area of 0.35 x 0.6 in. 

Results and Discussion 
The present results consist of laminar- and 

turbulent-boundary-layer profiles, temperature con- 
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tours, pressure and heating-rate contours and dis- 
tribution plots, and integrated pressure and heat 
load plots. The local flow field over the flat-plate 
panel holder in terms of Mach number profiles is 
presented first to characterize the approaching flow. 
Next, typical temperature contours, reduced from 
infrared scanner data, are presented and compared 
with heating-rate contours to provide a qualitative 
picture of the effect of the flow over the quilted 
surface on temperature and heating-rate patterns. 
Typical quantitative pressure contours and distribu- 
tion plots and heating-rate contours and distribu- 
tion plots complete the discussion on the effect of 
the bowed surface on local pressure and heating rate. 
Although not a fundamental objective of this study, 
the effect of the longitudinal gaps on transition from 
laminar flow to turbulent flow over the aligned array 
is presented because transition caused a significant 
increase in the heat flux in the vicinity of the gaps. 
Finally, the integrated pressure and heat loads over 
the quilted array of bowed domes are compared with 
their equivalent flat-plate surface levels. 

Local Flow Field 

The local flow field over the flat-plate panel holder 
is characterized in this section for the two surface flow 
conditions of laminar boundary layer with a blunt 
leading edge (no trips) and turbulent boundary layer 
with a sharp leading edge (trips). The two local flow 
conditions of the present tests are characterized by 
the Mach number profiles tabulated in table I11 and 
shown in figure 8. The Mach number was calculated 
from the ratio of static flat-plate pressure to pitot 
pressure by using the Rayleigh pitot formula with 
y = 1.38. The profile location for the present test was 
forward of the dome model insert at S = 26.2 in., and 
the profile locations S = 58.1 in. and S = 89.1 in., 
taken from reference 13, are just forward and aft of 
the instrumented dome locations. 

Laminar boundary layer. In figure 8(a), the ex- 
perimental Mach number data are compared with 
Mach number profile distributions obtained from a 
boundary-layer computer program (ref. 17) for the 
laminar boundary layer. The experimental Mach 
number profiles at the three locations for the laminar- 
boundary-layer condition agree with the laminar 
boundary layers predicted by the methods of refer- 
ence 17, indicating that a laminar boundary layer is 
being produced over the flat-plate panel holder. The 
experimental data shown in figure 8(a) extend be- 
yond the boundary-layer edge into a region of increas- 
ing Mach number or decreasing entropy gradient that 
is produced by the curved bow shock associated with 
a blunt leading edge. For a given st,reamline through 

a shock, entropy rise is a function of the shock angle 
or strength through which the streamline passes, so 
that the highest streamline entropy rise will occur 
through a normal shock (stagnation streamline) and 
a lower entropy rise will be produced as the shock 
angle decreases. Thus, as a flow field develops along 
the flat plate with a blunt leading edge, an entropy 
gradient will be produced with higher entropy at the 
wall and decreasing entropy away from the wall. A 
further discussion of the entropy gradient caused by 
a blunt leading edge can be found in reference 18. 

Turbulent boundary layer. The boundary-layer 
computer program of reference 17 was also used to 
predict the turbulent-boundary-layer case with tran- 
sition starting at S = 5 in. (trip location) and tran- 
sition ending at S = 6.25 in. Computed boundary- 
layer thicknesses and profiles from the computer pro- 
gram are shown in figure 8(b) for the three profile 
locations. At the S = 26.2 in. location, the com- 
puted boundary-layer thickness and Mach number 
profile deviate slightly from the experimental data; 
however, at the S = 58.1 and 89.1 in. profile loca- 
tions, the deviation between the computed results 
and the experimental results becomes greater, possi- 
bly because of an inadequate turbulence model used 
in the computer program. Therefore, the turbulent- 
boundary-layer thickness with a sharp leading edge 
was obtained using the Prandtl's power-law expres- 
sion taken from reference 19: 

- 6 x 0.37Re, -115 
S 

The resulting boundary-layer thickness calculated by 
equation (2) agrees with the experimental boundary- 
layer thickness at the three profile locations as shown 
in figure 8(b). 

The experimental turbulent Mach number pro- 
files shown in figure 8(b) are also compared with 
profiles derived from an assumed one-seventh-power- 
law flat-plate turbulent velocity profile taken from 
reference 20: 

(3) 

The one-seventh-power-law velocity profile (eq. (3)) 
was converted to Mach number profiles at the three 
locations for direct comparison with the experimen- 
tal results. The velocity-to-Mach-number conversion 
was based on the definition of Mach number assum- 
ing a constant y: 

(4) 
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Substituting for static temperature by using the isen- 
tropic relationship from reference 21, equation (4) 
can be expressed as 

U e  

To define the variation in total temperature within 
the boundary layer, the Crocco relation between total 
temperature and velocity was used for the present 
case. This relation is given in reference 22 as 

Combining equations (3) and (5), the Mach number 
variation within the boundary layer is given as 

where 

The total temperature variation in the boundary 
layer is expressed in terms of known variables by 
combining equations (3) and (6) to give 

Therefore, the predicted Mach number profiles for 
the turbulent boundary layers shown in figure 8(b) 
were calculated from equations (7),  (8), and (9). The 
resulting Mach number profiles agree, in general, 
with the experimental profiles in figure 8(b), but 
they deviate slightly near the wall. The deviation is 
attributed to the 0.19-in-diameter flow trips attached 
near the leading edge. Overall, figure 8(b) indicates 
that a turbulent boundary layer was produced over 
the flat-plate panel holder for the sharp leading edge 
configuration with flow trips. 

The laminar and turbulent Mach number profiles 
shown in figure 8 characterize the undisturbed flow 
field on the flat-plate panel holder. The undisturbed 
laminar boundary layer was greater than 0.5 in. at 
the leading dome of the model and the turbulent 
boundary layer was greater than 0.6 in. at the lead- 
ing dome of the model. Hence, all dome heights were 
submerged within both the laminar and turbulent 
boundary layers. 

Qualitative Temperature and Heating-Rate 
Patterns 

Surface temperature contours, shown in figure 9, 
were obtained from the AGA-680 infrared scanner for 
models with all-ceramic domes. The models were ori- 
ented in both the aligned and the skewed configura- 
tions and were exposed to flow conditions with both 
laminar and turbulent boundary layers. Heating- 
rate contours were calculated from the temperature 
time histories of the thermocouple output of the heat 
flux domes. The surface temperature contours give a 
qualitative indication of the local heat flux and flow 
characteristics on the dome model. 

Laminar boundary layer. The temperature dis- 
tribution for the center row of domes of the aligned 
array with a laminar boundary layer (see fig. 9(a)) 
shows peak temperature on the windward side of the 
leading dome because of flow impingement. However, 
the temperature peaks on the downstream domes 
spread laterally outward from the longitudinal cen- 
terline and, on the fourth dome, have moved close 
to the longitudinal edges of the center row of domes 
because the flow is being channeled through a path 
of least flow resistance. 

Figure 9(b) shows temperature contours for the 
skewed array with a laminar boundary layer. The 
temperature contours on the leading domes are sim- 
ilar to those in figure 9(a), but as the flow moves 
downstream and encounters the alternating surface 
pattern of the skewed array, it causes two distinct 
peak temperature regions on the windward side of 
each downstream dome. As flow is turned by the 
local surface contour, velocity gradients create vor- 
tices that move through the valleys. This same flow 
phenomenon is evident in the analytical study of ref- 
erence 12 for laminar flow over the skewed array and 
indicates that the heating peaks are caused by vor- 
tex structures in the boundary layer that increase 
the temperature gradient at the wall. Note that in 
figures 9(a) and 9(b) a high temperature gradient 
exists along the outside longitudinal gaps, indicat- 
ing the outer longitudinal gaps cause boundary-layer 
transition to turbulent conditions. This phenomenon 
will be discussed in detail in a later section. 

Temperature and heating-rate contours for a lam- 
inar boundary layer are compared at location 4 for 
the aligned array and location 3 for the skewed ar- 
ray. (See figs. 4(a) and 4(b), respectively.) The com- 
parison shown in figure lO(a) indicates that the Bow 
is two-dimensional with higher heating on the wind- 
ward side of the dome. Figure 10(b) shows the com- 
parison for the skewed array configuration. The lam- 
inar Navier-Stokes prediction given in reference 12 
for the skewed array configuration is shown in the 
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inset in this figure. Although the Navier-Stokes pre- 
diction is for a sharp leading edge laminar boundary 
layer with no entropy gradient outside the boundary 
layer and a ratio of dome height to boundary-layer 
thickness of unity, a qualitative comparison shows 
that predicted vortex-induced peak heating areas are 
present in both cases. The temperature and heating 
contours suggest highly three-dimensional flow with 
the peaks located in the same region. 

Turbulent boundary layer. Surface tempera- 
ture distributions for turbulent-boundary-layer flow 
over the aligned and skewed array configurations are 
shown in figures 9(c) and 9(d), respectively, and both 
exhibit similar temperature contour patterns infer- 
ring two-dimensional flow characteristics. The sur- 
face temperature is highest on the windward side of 
the dome and decreases as the flow expands to the 
leeward side of the dome. The temperature contours 
are generally oriented in bands perpendicular to the 
flow with little difference occurring between contours 
on domes of the same array. Higher momentum of the 
turbulent flow throughout the boundary layer and a 
thicker boundary layer make the flow less suscepti- 
ble to influence by the surface contour and discour- 
age the three-dimensional flow characteristics seen 
in the laminar cases. These temperature levels and 
contours are a result of the heating rates that are 
discussed in the next section. 

Figures 1O(c) and 10(d) show the comparison be- 
tween temperature (left side of the figure) and heat- 
ing rate (right side of the figure) for the aligned 
and skewed configurations with a turbulent bound- 
ary layer. The comparison shows higher tempera- 
tures and higher normalized heating rates ( q / q f p )  on 
the windward side of the dome and a heating de- 
crease as the flow expands to the leeward side. In 
general, lines of constant temperature and heating 
rates are perpendicular to the streamwise direction 
for both the aligned and the skewed arrays consis- 
tent with two-dimensional flow characteristics with 
insignificant vortex action as seen with the laminar 
boundary layer. Also, a comparison between the 
two configurations with a turbulent boundary layer 
shows the skewed array has higher peak heating on 
the windward side. 

Quantitative Pressure Distributions 

Dome pressures, normalized to the flat-plate ref- 
erence pressure of each run, are presented in table V 
for both laminar- and turbulent-boundary-layer flow 
conditions. The flat-plate reference pressures are pre- 
sented in table IV. For each configuration, the exper- 
imental results shown in figures 11 through 18 are 
presented first as surface contours and longitudinal 

distributions at each height (odd-numbered figures). 
Then the results are presented as composite longitu- 
dinal and lateral distributions with height variation 
(even-numbered figures). The longitudinal distribu- 
tions are in the streamwise direction at a constant 
y/R value of 1, and the lateral distributions are in 
the crossflow direction at a constant x / R  value of 1. 
(See fig. 5(a).) The surface contours presented in 
this section and the following sections were generated 
from experimental data taken at the 59 sensor loca- 
tions of the instrumented domes by using a contour- 
ing routine that is based on a splines-under-tension, 
curve-fitting process. 

Laminar boundary layer. Contour and longitu- 
dinal distributions of normalized pressure for the 
aligned array configuration with a laminar bound- 
ary layer are presented in figure 11 for array heights 
of 0.2 and 0.4 in. The longitudinal 0.05-in. gaps were 
closed with a ceramic filler for this array configu- 
ration to avoid the effects of boundary-layer transi- 
tion due to open gaps. (Boundary-layer transition 
due to open gaps is discussed later.) Surface pres- 
sure contours for the aligned array with a laminar 
boundary layer (fig. 11) show higher pressure on the 
windward side and lower pressure on the leeward 
for both dome heights. The longitudinal centerline 
plots (figs. 11 and 12(a)) show an initial compres- 
sion region ( x / R  less than 0.6), an expansion region 
( x / R  greater than 0.6 and less than 1.45), and a rear- 
ward pressure recovery ( z / R  greater than 1.45). The 
normalized pressure distribution calculated by using 
the 2-D linearized, small-perturbation theory given 
by reference 23 is also included (see fig. l l (b ) )  for 
the highest dome and agrees with the experimen- 
tal distribution in the expansion region. The small- 
perturbation theory indicates the surface geometry 
would cause a continued pressure decrease on the 
rearward side of the dome. Since the pressure in- 
creases in this region, the flow must be separated 
to account for the pressure recovery. (The occur- 
rence of separated flow is substantiated by decreases 
in heating, which are shown in a later section.) Pre- 
dicted forward and rear edge pressures disagree with 
experimental results because of the velocity gradi- 
ent through the boundary layer, 3-D effects of the 
array geometry, and forward and aft weak shock sys- 
tems associated with flow separation pockets that are 
not accounted for by the small-perturbation theory. 
Figure 12(b) is a comparison between the crossflow 
distributions of the two heights and shows a con- 
stant lateral pressure distribution for both heights 
at a value near the flat-plate reference pressure. 

The corresponding surface pressure contours and 
the longitudinal pressure distributions for the skewed 
array configuration with a laminar boundary layer 
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are presented in figure 13 for heights of 0.1, 0.2, and 
0.4 in. Again, the windward pressure was higher 
than the flat-plate value and the leeward pressure 
was lower than the flat-plate value, as shown in fig- 
ures 13 and 14(a). Also, as the dome height in- 
creases, the pressure gradient in the expansion region 
increases (fig. 14(a)). The pressure distribution cal- 
culated by the 2-D linearized flow theory is shown 
in figure 13(c), and the slope agrees with the exper- 
imental data in the expansion region, indicating an 
inviscid flow characteristic over the top of the dome. 
As stated previously, rearward edge pressure recov- 
ery indicates local laminar separation is present for 
x / R  greater than 1.5, as was indicated for the aligned 
array with a laminar boundary layer. Figure 14(b) 
shows the lateral pressure distributions to be con- 
stant for all three heights at about the flat-plate ref- 
erence pressure. 

Turbulent boundary layer. The normalized 
pressure contours and distributions for turbulent- 
boundary-layer flow over the aligned array configura- 
tion with heights of 0.1, 0.2, and 0.4 in. are shown in 
figure 15. The figure shows that the surface pressure 
contours become better defined with height increase 
because the longitudinal gradient shown in figures 15 
and 16(a) increases with dome height increase. Fig- 
ure 15(c) shows the comparison between experimen- 
tal pressures and pressures calculated by the 2-D lin- 
earized flow theory. Note that the slopes nearly agree 
in the expansion region, but the experimental pres- 
sure is higher-an effect possibly due to a stronger 
forward shock system than that for the laminar case 
and greater flow displacement caused by the array 
of domes raised above the normal test surface. Fig- 
ure 16(a) gives the longitudinal pressure distributions 
€or the three dome heights and shows an initial wind- 
ward compression region for all heights. However, 
there is no rearward edge pressure recovery, as seen 
in the laminar cases, because turbulent-boundary- 
layer separation is less likely to occur than laminar- 
boundary-layer separation. The lateral pressure dis- 
tributions in figure 16(b) show a constant crossflow 
pressure distribution at the dome centerline that is 
about 10 percent higher than the flat-plate reference 
pressure. In this case, the induced pressure increa.sed 
with dome height since the effective flat-plate angle 
of attack increased as dome height increased. 

Figure 17 shows the pressure contours and lon- 
gitudinal centerline plots for the skewed array with 
a turbulent boundary layer. The contours for the 
0.1-in. height show a region of peak pressure on the 
windward side, and, as the height increases, the peak 
pressure moves more toward the forward edge of the 
dome. The isobars for all three heights of this con- 

figuration are more noticeably concave to the flow 
direction than those observed for the laminar bound- 
ary layer. The pressure predicted by 2-D linearized 
flow theory, shown in figure 17(c), is in agreement 
with the slope of the experimental pressure measure- 
ments, but the experimental pressure distribution is 
about 15 percent higher than the predicted value. A 
comparison at the 0.4-in. height between the aligned 
and skewed configurations (see figs. 15(c) and 17(c), 
respectively) shows that the slope and level of the ex- 
perimental pressures in the expansion regions agree. 
However, the longitudinal plot for the aligned config- 
uration (fig. 15(c)) shows that forward compression 
occurred up to the second windward instrument lo- 
cation (location 2, see fig. 5(b)) on the dome and 
that for the skewed configuration (fig. 17(c)) the for- 
ward compression occurred before the first windward 
instrument location (location 10, see fig. 5). This dif- 
ference is possibly because the skewed configuration 
allows the compression to take place over the longer 
windward perimeter, giving a greater 3-D relief than 
the aligned configuration. The longitudinal pressure 
distributions in figure 18(a) show a linear decrease 
in dome surface pressure for all heights except at  the 
peak pressure region for the 0.1-in-high dome and 
show that as dome height increases, the pressure gra- 
dient increases. The lateral distributions (fig. 18(b)) 
for all heights show the lateral edge pressure at the 
flat-plate reference level, but the distributions curve 
to a maximum value 10 to 15 percent above the ref- 
erence pressure at the dome center (y/R = 1.0). 

Quantitative Heating-Rate Distributions 

Dome heating rates, calculated from temperature 
rise rates and normalized to the flat-plate reference 
heating rate for each run, are presented in table VI 
for both boundary-layer flow conditions. The flat- 
plate reference heating rates are given in table IV. 
The experimental heating rates given in figures 19 
through 26 are presented in the same manner as the 
experimental pressures in the preceding section. 

Laminar boundary layer. Figure 19 shows sur- 
face heating-rate contours and longitudinal distribu- 
tions for the aligned array configuration with a lam- 
inar boundary layer for heights of 0.2 and 0.4 in. 
The longitudinal 0.05-in. gaps were closed with a ce- 
ramic filler for this array configuration to avoid the 
effects of boundary-layer transition due to open gaps. 
(Boundary-layer transition due to open gaps is dis- 
cussed in the next section.) The contours and distri- 
bution plots for the 0.2-in. height (fig. 19(a)) show 
a heating-rate increase between 1.2 and 1.3 times 
the flat-plate value over most of the dome surface. 
Contours on the 0.4-in-high dome, which show peak 
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heating on the windward side, are closely spaced and 
illustrate an increased heating-rate gradient with in- 
creasing dome height. The longitudinal distribution 
of figure 19(b) shows that forward and rearward edge 
heating falls below the flat-plate reference value at 
x / R  less than 0.45 and x / R  greater than 1.5. The 
corresponding pressure distribution (fig. 11 (b)) for 
the same regions shows pressure recovery, and the 
combination of recovering pressure and lower heating 
indicates forward and rearward flow separation. The 
longitudinal and lateral centerline heating-rate dis- 
tributions for the two heights are given in figure 20. 
In the longitudinal distribution (fig. 20(a)), the heat 
flux distribution for the 0.4-in-high dome shows de- 
creased heating on the crest with the windward peak 
higher than the leeward peak. The leeward peak may 
be caused by local boundary-layer transitional effects 
as was noted in similar results from the tests of a 
single dome given in reference 13. The distributions 
shown in figure 20(b) are fairly constant across the 
lateral centerline with heating levels of about 1.5 for 
the 0.4-in. height and 1.25 for the 0.2-in. height. 

Normalized heating-rate contours and longitu- 
dinal distributions are shown in figure 21 for the 
skewed array with a laminar boundary layer and 
dome heights of 0.1, 0.2, and 0.4 in. The contours 
for the 0.1-in. height show no distinct peak heating 
regions; however, as the height increases (figs. 21(b) 
and (c)) two distinct windward peak heating regions 
can be seen on either side of the longitudinal cen- 
terline. As discussed previously, these peak heating 
regions are due to three-dimensional vortices in the 
laminar boundary layer created as the flow passes 
over the skewed array configuration. The existence 
of the vortices has been shown analytically in refer- 
ence 12. For the highest dome tested (fig. 21(c)), the 
surface contours show the vortex-induced peak heat- 
ing is above 2.7 times the flat-plate reference heating 
level. The longitudinal centerline plot shows a region 
on the forward edge of the dome ( z / R  less than 0.4) 
where the heating level falls below unity, indicating 
a slight forward flow separation. The heating rate 
in the rearward separation region (see fig. 13(c)) was 
affected by the local flow transition producing higher 
heating rates near the trailing edge than occurred 
in the rearward separation region for the aligned ar- 
ray with a laminar boundary layer. Detailed dis- 
cussions on laminar separation with boundary-layer 
transitional effects are presented in reference 24 for a 
larger scale wing-cove-elevon model that was tested 
in the 8' HTT. The localized separation trends of the 
present laminar results are consistent with the results 
of reference 24. Therefore, even though the pressure 
in the separation region increased (see fig. 13(c)), 
the corresponding heating can either decrease or 

increase, depending on boundary-layer transitional 
effects. 

Figure 22 shows the longitudinal and lateral 
centerline distributions for the three heights. The 
longitudinal plots in figure 22(a) show that as height 
is increased, the maximum heating level on the lon- 
gitudinal centerline increases to nearly twice the flat- 
plate value for the highest dome. Surface effects of 
the three-dimensional vortical flow discussed above 
and shown in figure 21 are also shown on the lateral 
distributions of figure 22(b). The two peak heating 
regions centered at y/R = 0.5 and 1.5 become more 
evident and increase to a higher level with increas- 
ing dome height. The strength of the vortical flow 
should be expected to increase with an increase in 
dome height because larger velocity and pressure gra- 
dients are produced by larger surface protuberances. 
A comparison between figures 22 and 20 shows that 
the skewed array has a higher heating level on the 
longitudinal centerline, a higher peak heating occur- 
ring symmetrically off-center, and a more complex 
surface-heating pattern than the aligned array. 

Turbulent boundary layer. Normalized heating- 
rate contours and longitudinal distributions for the 
aligned array with a turbulent boundary layer are 
shown in figure 23. The 0.1-in-high dome has a de- 
fined peak heating region on the windward side; how- 
ever, the 0.2- and 0.4-in. heights have a peak heating 
line perpendicular to the flow direction. For all three 
heights, the normalized heating level is above 1 on 
the windward side and decreases linearly to below 1 
on the leeward side, as shown in figures 23 and 24(a). 
Also, as the height increases, peak heating level and 
heating-rate gradient increase. The lateral distribu- 
tions in figure 24(b) show that for all three heights, 
heating across the lateral centerline is nearly con- 
stant and varies from the flat-plate level to 1.1 times 
the flat-plate level. In contrast to results from the 
aligned array in a laminar boundary layer (fig. 19), 
the contours shown in figure 23 for the aligned ar- 
ray with a turbulent boundary layer indicate that 
heating results from a two-dimensional flow pattern 
although the surface is three-dimensional. 

Figure 25 shows contours and longitudinal center- 
line distributions of normalized heating rate for the 
skewed array configuration with a turbulent bound- 
ary layer. The contours shown in figure 25 indicate 
heating characteristics of two-dimensional flow, as 
did the contours for the aligned configuration with 
a turbulent boundary layer, which results 'in simi- 
lar heating patterns on the dome surface. (Compare 
fig. 25 with fig. 23.) Other similarities between the 
aligned and skewed arrays with a turbulent bound- 
ary layer are shown by comparing figures 26 and 24. 
The peak heating level and heating-rate gradient on 
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the longitudinal centerline increase with dome height, 
and the heating on the lateral centerline is const,ant 
at about 1.1 times the flat-plate value for all three 
dome heights of the skewed array. The increased 
heating is attributed to the flow displacement caused 
by the array of domes protruding above the normal 
test surface. 

Longitudinal Gap Effects 
All array configurations were tested with a clear- 

ance gap of less than 0.05 in. between individual 
domes to facilitate array changes. However, when 
the aligned array was exposed to flow with a laminar 
boundary layer, excessive heating was present along 
the dome longitudinal edges. To isolate the cause 
of the excessive edge heating, the longitudinal gaps 
were closed with a ceramic filler. Subsequent tests 
on the aligned array with a laminar boundary layer 
did not show high longitudinal-edge heating. Ex- 
perimental pressures and heating rates for laminar- 
boundary-layer flow over the aligned array with itnd 
without the longitudinal gaps are presented in this 
section. Pressure distributions for dome heights of 
0.1, 0.2, and 0.4 in. with open longitudinal gaps are 
shown in figure 27. Comparison of the pressure con- 
tours shows, as previously shown in figures 11 and 
12(b), that as dome height increases, the streamwise 
pressure gradient increases, and the lateral centerline 
crossflow distributions are nearly constant across the 
dome. However, the heating rates shown in figure 28 
for the same conditions show that as the height in- 
creases, the heating increases drastically along the 
longitudinal edges. The fact that no pressure in- 
crease exists near the gaps where heating is high 
means that heating is caused by boundary-layer tran- 
sition to turbulent. 

Figures 29 and 30 give pressure and heating rate 
comparisons between the 0.4-in-high domes for the 
following cases indicated in the figures: 

(a) Filled longitudinal gaps 
(b) Port longitudinal gap filled and starboard gap 

(c) Open longitudinal gaps 

Figure 29 shows little effect on the surface pres- 
sure between the three cases, but figure 30 shows a 
significant effect on the surface heating. The contour 
plots of figure 30 show that with filled longitudinal 
gaps, dome heating peaks on the windward side at 
about 1.65 times the flat-plate reference value. How- 
ever, with open longitudinal gaps (fig. 30(c)), heating 
peaks along the forward longitudinal edge at about 
5 times the laminar flat-plate value and approaches 
the turbulent heating level. The lateral plots given 
in figure 30 show a constant heating at 1.5 times the 

open 

flat-plate reference value when the gaps were filled, 
but when the gaps were open, excessive edge heating 
near the turbulent level is present. High heating was 
due to boundary-layer transition because no pressure 
increase occurred near the longitudinal gaps. 

Total Integrated Loads on the Instrumented 
Domes 
The pressure and heating rate distributions ob- 

tained during these tests form a data base to be used 
in assessing the aerothermal load increase on multi- 
ple dome protuberances in a quilted array. The in- 
creased pressure and heating, normalized to the flat- 
plate value, were computed and are presented in this 
section. 

Pressure and heat load increase. Shown as fig- 
ure 31 are plots of total integrated pressure and heat 
loads normalized to the flat-plate value on the instru- 
mented domes. Results are given for various dome 
heights, aligned and skewed arrays, and laminar and 
turbulent boundary layers. The pressure and heat 
loads, respectively, were obtained using the following 
equations: 

and 

N 

Figure 31(a) shows the total increase in pressure 
load for all cases to be less than 10 percent above the 
flat-plate level for the lowest domes and no greater 
than 15 percent above the flat-plate pressure for 
the highest domes. As indicated earlier, turbulent 
surface pressures were generally higher than flat- 
plate values because of greater flow displacement 
than the laminar case. Shown in figure 31(b) are the 
normalized total integrated heat loads. The arrays 
tested in a turbulent boundary layer show a heat 
load increase less than 8 percent above the turbulent 
flat-plate level. All arrays with the lowest dome 
heights that were tested in a laminar boundary layer 
show a heat load increase to be less than 15 percent 
above the flat-plate laminar level. The arrays with 
a laminar boundary layer show a greater heat load 
increase as dome height is increased. The skewed 
array with a laminar boundary layer has the greatest 
heat load increase to about 75 percent above the 
flat-plate heating for the 0.4-in-high dome. The 
aligned array with a laminar boundary layer has a 

11 



heat load increase of 33 percent, but with a turbulent 
boundary layer the increase is only 5 percent above 
the flat-plate heating level for the highest dome. The 
increased heat load for the laminar-boundary-layer 
condition is probably due to local transitional effects 
and local flow vorticity effects, especially for the 
skewed array. Flow over the quilted configuration 
has a greater effect on heat loads than on pressure 
loads. 

Pressure drag. The pressure drag coefficient, 
plotted in figure 32(a), was calculated by dividing 
the pressure drag force F p  over the dome by the local 
dynamic pressure, i.e., 

where 

N 

F P =  P n A y z ,  (13) 
n=l 

The ticked symbol shown in figure 32 is data from 
the 0.1-in-high dome in the aligned array with open 
longitudinal gaps; therefore, the data may be subject 
to gap effect errors. Figure 32(a) shows that the 
calculated pressure drag coefficient for the skewed 
array in either a laminar or a turbulent boundary 
layer increased about two orders of magnitude as 
the dome height increased. However, for the aligned 
array in either boundary-layer type, the pressure 
drag coefficient increased only about one order of 
magnitude as the dome height increased. 

Figure 32(b) shows the pressure drag coefficient 
normalized to the local flat-plate skin-friction coeffi- 
cient to give an indication of the magnitude of the 
pressure drag coefficient. The local flat-plate skin- 
friction coefficient was obtained by using methods de- 
scribed in reference 25. The method is as follows. Lo- 
cal Reynolds number Re* and Prandtl number N;, 
are calculated at Eckert’s reference temperature T*, 
where 

T* = 0.22Taw + 0.28Te0.5Tw (14) 

and 

r = 1/2 for a laminar boundary layer 

r = 1/3 for a turbulent boundary layer 

Local Stanton number N& based on Eckert’s refer- 
ence temperature is calculated by using the follow- 
ing relationships for laminar and turbulent boundary 
layers, respectively: 

N& = 0.332N;,213Re*-1/2 

N& = 0.030N&2i5Re*-1/5 

The local flat-plate skin-friction coefficient is then 
obtained by using Reynolds analogy: 

Figure 32(b) shows the increase in pressure drag 
coefficient for an array of protuberances bowing out- 
ward, normalized to the calculated flat-plate skin- 
friction coefficient. Results from aligned and skewed 
array configurations with a laminar boundary layer 
show pressure drag to be the same order of mag- 
nitude as the flat-plate skin friction for the highest 
domes tested. However, at the lowest dome height 
( the  design height of bowed TPS tiles) with a laminar 
boundary layer, pressure drag for the aligned array is 
one order of magnitude below flat-plate skin-friction 
drag, and pressure drag for the skewed array is two 
orders of magnitude below that for flat-plate skin 
friction. For both array configurations in a turbulent 
boundary layer, pressure drag at the highest dome is 
one order of magnitude below that for flat-plate skin 
friction, and pressure drag at the lower height is less 
than two orders of magnitude below that for the flat- 
plate skin friction. Although the actual dome skin 
friction was not measured, figure 32(b) does indicate 
that pressure drag is insignificant for the domes at 
the designed bowed height of 0.1 in. 

Efect of dome position in the array. Figure 33 
shows the normalized integrated heat load over the 
0.4-in-high heat flux dome located at various posi- 
tions in the array as indicated in the tables to the 
right of the plots. Figure 33(a) shows that as the flow 
moves downstream, the integrated heat load over the 
aligned array with a laminar or turbulent bound- 
ary layer decreases. The heating decreases more for 
the turbulent boundary layer than for the laminar 
boundary layer; however, a heating decrease with in- 
creased distance from the leading dome for a laminar 
boundary layer indicates the boundary layer is not 
in transition. Shown in figure 33(b) are the dome 
position effects for the skewed array with laminar 
and turbulent boundary layers. This figure shows 
decreased heating on the skewed array in a turbulent 
boundary layer as the flow moves downstream; how- 
ever, the skewed array in a laminar boundary layer 
had increased heating with increased distance from 
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the leading dome because of boundary-layer transi- 
tion and vorticity. Thus, the general heating trend 
on an array of domes for a fixed boundary-layer con- 
dition decreases with distance from the leading dome, 
but the skewed array is more sensitive to transition 
from a laminar to a turbulent boundary layer. 

Concluding Remarks 
Aerothermal tests were conducted in the NASA 

Langley 8-Foot High-Temperature Tunnel (8' HTT) 
at a Mach number of 6.5 on simulated arrays of 
bowed 9.9- x 9.9-in. square metallic tiles mounted 
on a flat-plate test apparatus at an angle of at- 
tack of 5'. Detailed surface pressures and heating 
rates were obtained for arrays aligned with the flow 
and skewed 45' diagonally to the flow with nominal 
bowed heights of 0.1, 0.2, and 0.4 in. submerged in 
both laminar and turbulent boundary layers. The 
9.9- x 9.9-in. simulated tile with a bowed height of 
0.1 in. is representative of a thermally bowed metallic 
thermal protection system (TPS) tile. Aerothermal 
tests were made at  a nominal total temperature of 
3300'R, a total pressure of 400 psia, a total enthalpy 
of 950 Btu/lbm, a dynamic pressure of 2.7 psi, and 
a unit Reynolds number of 0.4 x lo6 per foot. The 
experimental results form a data base that can be 
used to help predict aerothermal load increases from 
bowed arrays of TPS tiles. 

The present results indicate that surface heat- 
ing for the aligned array with a laminar bound- 
ary layer showed two-dimensional flow characteristics 
with peak heating just forward of the dome center; 
however, heating for the skewed array with a lami- 
nar boundary layer showed three-dimensional effects 
of vortical flow similar to results given by Navier- 
Stokes analysis. Heating for both aligned and skewed 
arrays with a turbulent boundary layer showed two- 
dimensional flow characteristics with higher heating 
on the windward surface. Pressures were increased 
on the windward surface and reduced on the leeward 
surface as predicted by linearized small-perturbation 
theory, and the distributions were only moderately 
affected by surface and boundary-layer variations. 
Generally, the small gaps between domes did not, af- 
fect the pressure and heating distributions, but the 
longitudinal gaps of the aligned array with a laminar 
boundary layer caused flow transition and excessive 
heating. Heating decreased with increasing distance 
from the leading dome for the aligned array with a 
laminar boundary layer and for both the aligned ar- 
ray and the skewed array with a turbulent boundary 
layer for the highest domes tested; however, heating 
increased with increasing distance from the leading 
dome for the skewed array with a laminar boundary 

layer because of boundary-layer transition and vor- 
ticity. At the 0.1-in. height, representative of a bowed 
metallic TPS tile, the integrated heat load over the 
dome increased less than 15 percent, and the pressure 
drag was at least an order of magnitude less than the 
calculated flat-plate skin friction. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
March 7, 1988 
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Table I. Quilted Dome Model Configurations and Heights H Above Flat Plate 

[Dimensions given in inches] 

Instrumented 
Actual height dome location* 

Nominal 
Run height H1 H2 H 3  H4 2 3 4 Gap* 

(a) Laminar boundary layer with blunt leading edge 

Time, 
sec 

C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

+ l  

2 
3 
4 
5 

6 
7 
8 

9 
10 
11 

12 
13 

C 

P 
T 
P 
P 

C 
C 
C 

P 
P 
P 

C 
C 

0.4 

0 
0 
0 
0 
0 

0 
0 
0 

.4 

.4 

.2 

.I  

5 
5 
5 
5 
5 

40 
40 
40 

.4 

.2 

.1 

.4 

.4 

.2 

.4 

.2 

0.427 

.423 
,430 
.279 
.182 

.427 

.289 

.161 

.429 

.429 

.266 

.429 

.271 

0.450 

.421 

.456 

.288 

.180 

.450 
,296 
.174 

.448 

.448 

.276 

.448 

.286 

0.472 

.486 

.524 
,299 
.189 

.472 

.325 

.187 

.488 

.488 

.300 

.478 

.36 1 -- 

0.469 I 
.491 
.499 

. .324 
.202 

.469 

.323 

.185 

.461 

.461 

.312 

0 

0 
0 
0 
0 

0 
0 
0 

PF 
F 
F 

F 
F 

5 

5 
5 
5 
5 

40 
40 
40 

5 
5 
5 

40 
40 

I Skewed array I 

18 

0.437 
.119 
.121 
.123 
.lo5 

0.487 
.489 
.506 
.327 
.186 

0.486 
.490 
.46X 
.342 
.215 

.466 

.327 

.187 

0.430 
.424 
.426 
.272 
.157 

.448 

.282 

.144 

C 
C 
C 

*Abbreviations in table I: 
C ceramic dome 
F filled longitudinal gaps 
0 open longitudinal gaps 
P pressure dome 
PF 
T heat flux dome 

?Define local flow field with boundary-layer probe. 
$Configuration c (see fig. 4(c)). 

port gap filled and starboard gap open 

T 
T 
P 
T 
T 

C 
C 
C 

C 
C 
C 



Table I. Concluded 

(b) Turbulent boundary layer with sharp leading edge 

Instrumented 
Actual height dome location* 

Nominal 
Run height H1 H2 H3 H4 2 3 4 

Time, 
Gap* sec 

Aligned array 
0.472 0.469 C C C t22 

23 
24 
25 

26 
27 
28 

0 5 

.181 

.427 

.289 
,161 

.208 

.469 

.323 

.185 

C P T 

C C C 
C C C 
C C C 

0.450 

.478 

.284 

.187 

.450 

.296 

.174 

0 

0 
0 
0 

0.481 
.487 
.506 
.312 
.186 

5 

40 
40 
40 

.470 

.321 

.180 

$29 
30 
31 
32 
33 

34 
35 
36 

0.4 0.436 
.4 .138 
.4 .121 
.2 ,130 
.I .lo5 

.4 .140 

.2 ,133 

.1 .095 

,482 .491 C P T 0 5 
.291 1 .327 1 C 1 P 1 T 1 0 1 5 
.213 

.472 

.325 

.187 
Skewed array 

0.487 

.327 

0.428 
.454 
.426 
.266 
.157 

.448 

.282 

.161 

I p  
C 
C 
C 

E C 

0 40 
0 40 
0 40 

*Abbreviations in table I: 
C ceramic dome 
F filled longitudinal gaps 
0 open longitudinal gaps 
P pressure dome 
PF 
T heat flux dome 

tDefine local flow field with boundary-layer probe. 
$Configuration c (see fig. 4(c)).  

port gap filled and starboard gap open 



Location 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21  
22 
23 
24 
25 
26 
27 
28 
29 
30 

Table 11. Instrumentation Locations for Both Pressure- and 
Thermocouple-Instrumented Domes 

9, deg 
0 

1 

1 
22.5 I 

I 
I 
I 
I 

45.0 

67.5 

90.0 

112.5 

135.0 

r I R  
0.629 

.471 

.314 

.157 

.629 

.471 

.314 

.157 

.786 

.629 

.471 

.314 

.157 

.629 

.471. 

.314 

.157 

.629 

.471 

.314 

.159 

.629 

.471 

.314 

.157 

.786 

.629 

.471 

.314 

0 

Location 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49’ 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 

9 ,  deg 
135.0 
157.5 

1 
1 
1 

180.0 

202.5 

225.0 

1 

1 
270.0 
270.0 
292.5 
292.5 
315.0 

337.5 
337.5 

r I R  
0.157 
.629 
.471 
.314 
.157 
.629 
.471 
.314 
.157 
.629 
.471 
.314 
.157 
.786 
.629 
.471 
.314 
.157 
.629 
.314 
.629 
.314 
.786 
.629 
.471 
.314 
.157 
.629 
.314 
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Table 111. Mach Number Obtained From Boundary-Layer Probe 

Laminar (run 1) 
Pressure orifice 
height, 2, in. 

0.032 
.096 
,196 
.324 
.442 
.578 
.712 
.962 

1.159 
1.468 
2.017 
2.503 

Mach 
number 

1.226 
1.964 
2.612 
2.802 
2.826 
2.896 
3.142 
3.411 
3.746 
4.443 
5.010 

Turbulent (run 22) 
Pressure orifice 
height, 2, in. 

0.032 
.096 
.205 
.321 
.445 
.582 
.712 
.964 

1.163 
1.470 
2.021 
2.471 

Mach 
number 

1.994 
3.725 
3.952 
4.502 
5.169 
5.692 
5.849 
5.781 
5.786 
5.815 
5.837 
5.732 
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Flow 

/ 
Flow 

/ 
Flow 

(a) Configuration A. 

(b) Configuration B. 

- 
i 

(c) Configuration C. 
L-88-74 

Figure 4. Quilted dome model configuration showing dome location numbers. 
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+ 
Flow 

Y 

Z 

+ 
Flow 

X- 
Flat-plate surface 

t+rTL:L7* Aligned Skewed 7- 

(a) Coordinate system for pressure- and thermocouple-instrumented domes. R = 7 in. 

Figure 5. Coordinate system and instrumentation locations. 
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(b) Instrumentation locations for pressure- and thermocouple-instrumented domes. 

Figure 5. Concluded. 
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I Flow 

(a) Laminar B. L., aligned array. 

Figure 9. Ceramic dome model temperature distributions. All temperatures given in O R ;  H = 0.4 in. 
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Flow 

(b) Laminar B.L., skewed array. 

Figure 9. Continued. 
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Flow 

( c )  Turbulent B.L., aligned array. 

Figure 9. Continued. 
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Flow 

(d) Turbulent B.L., skewed array. 

Figure 9. Concluded. 
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4 
Flow 6 - 0.90 

1.20 - 
1.50 (a) Aligned array, laminar B.L. with blunt L.E. (no trips). 

Navier-Stokes prediction 
(taken from ref. 12) 

Vortex-i nduced 
peak heating 

2 . 1 4 1  

1.5 

f P Temperature, O R  Heating rate, q/q 

(b) Skewed array, laminar B.L. with blunt L.E. (no trips). 

Figure 10. Comparison of temperature and heating-rate contours. H = 0.4 in. 
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+ 
Flow 

1.5 

( c )  Aligned array, turbulent B.L. with sharp L.E. (trips). 

___I) 
Flow 

Temperature, O R  Heating rate, q/q 
f P 

(d) Skewed array, turbulent B.L. with sharp L.E. (trips). 

Figure 10. Concluded. 
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